Hypoparathyroidism is a disorder characterized by hypocalcemia due to insufficient secretion of PTH. Pseudohypoparathyroidism is a less common disorder due to target organ resistance to PTH. This report summarizes the results of the findings and recommendations of the Working Group on Epidemiology and Diagnosis of Hypoparathyroidism.
H
ypoparathyroidism is an uncommon disorder characterized by low serum calcium, increased serum phosphorus, and deficient production of PTH (1, 2) . The epidemiology of hypoparathyroidism has become better understood, with a number of recent studies quantitating aspects of the disease not previously appreciated. Pseudohypoparathyroidism (PHP), a disorder of PTH resistance, is an even less common disease characterized by similarly abnormal mineral biochemical abnormalities, but with increased circulating levels of PTH (1) .
Operationally, hypoparathyroidism can be divided into primary hypoparathyroidism due to intrinsic defects within the parathyroid glands primarily due to genetic causes, and the much more common secondary or acquired forms due to etiologies that ablate, impair, or destroy parathyroid gland function. Secondary causes of hypoparathyroidism are by far the most common etiologies (2) . Although the diagnosis of hypoparathyroidism is usually straightforward once serum calcium, phosphorus, and PTH levels are known, determining the cause of nonsurgical hypoparathyroidism may be challenging.
Epidemiology of Hypoparathyroidism
Anterior neck surgery is the most common cause of acquired hypoparathyroidism and is responsible for about 75% of cases (1) . The next most common acquired cause in adults is thought to be autoimmune disease, affecting either the parathyroid glands alone or multiple other endocrine glands (2) . Remaining cases of acquired hypoparathyroidism are secondary due to a variety of rare infiltrative disorders in which the parathyroid glands are affected by metastatic disease or iron or copper overload or by ionizing radiation exposure. These latter causes of hypoparathyroidism are covered in more detail in the accompanying paper on presentation of hypoparathyroidism, including what little is known regarding the epidemiology of these disorders (3) . Rare genetic disorders may also cause hypoparathyroidism.
Prevalence
The best prevalence estimate of hypoparathyroidism in the United States is based on analysis of a large health plan claims database, which resulted in estimation of 77 000 cases (4) . This figure is an interpolation based upon a review of a large U.S. claims database with 77 million patients from 75 health plans in October 2007-September 2008 that resulted in an estimated 58 793 insured U.S. adult patients diagnosed with chronic hypoparathyroidism. This diagnostic prevalence estimate was based on the number of new diagnoses of hypoparathyroidism in the database over the interval studied. A surgical incidence estimate was based on calculation of the proportion of total neck operations resulting in transient (Ͻ6 months) or chronic (Ͼ6 months) hypoparathyroidism. A physician primary market research study was conducted to assess disease severity and to determine the percentage of new nonsurgical patients with hypoparathyroidism. Surgical incidence data were entered into an epidemiological model to derive a second prevalence estimate. The surgical-based incidence approach gave an estimate of 117 342 relevant neck surgeries, resulting in 8901 cases of hypoparathyroidism over 12 months. Approximately 7.6% of surgeries resulted in hypoparathyroidism, with 75% of these cases being transient and 25% being chronic. The prevalence of insured patients with chronic hypoparathyroidism in the surgical database was 58 625, similar to that obtained in the diagnostic estimate. Assuming that 15.4% of the U.S. population was uninsured at the time this study was done, these findings were used to project an estimate of 77 000 total insured and uninsured individuals in the United States that had hypoparathyroidism.
Another estimate of the prevalence of hypoparathyroidism comes from the longitudinal population-based Rochester Epidemiology Project (Table 1) in which medical records linkage resources were used to identify all persons residing in Olmsted County, Minnesota, in 2009 with any diagnosis of hypoparathyroidism assigned by a health care provider since 1945 (5) . Detailed medical records were reviewed to confirm the diagnosis of hypoparathyroidism and to assign an etiology. Subjects were assigned two age-and sex-matched controls per confirmed case. Fifty-four cases were confirmed, of mean age 58 Ϯ 20 years, with 71% female, giving a prevalence estimate of 37 per 100 000 person-years. This prevalence estimate was projected to approximately 115 000 patients in the United States having hypoparathyroidism of any cause. Hypoparathyroidism was caused by neck surgery in 78% of cases, other secondary causes in 9%, familial disorders in 7%, and without an identified cause in 6%.
Only a few data exist on the epidemiology of hypoparathyroidism in Europe. In a recent nationwide Danish historic cohort study, the prevalence of hypoparathyroidism was estimated using data from the Danish National Patient Registry (6 -8) . This study assessed mortality and comorbidities by comparing patients with age-and sex-matched population-based controls. A total of 1849 patients with postsurgical hypoparathyroidism and 180 patients with nonsurgical hypoparathyroidism were identified, among whom 1127 and 123 subjects, respectively, were alive at the time of follow-up. The estimated prevalence of postsurgical and nonsurgical hypoparathyroidism was 22/ 100 000 and 2.3/100 000, respectively (Table 1) . Of the doi: 10.1210/jc. press.endocrine.org/journal/jcem 2285 postsurgical cases, approximately 33% had acquired postsurgical hypoparathyroidism due to surgery for malignant diseases (mainly thyroid cancer), 33% due to surgery for nontoxic goiter, 25% due to surgery for toxic goiter, and 10% due to surgery for primary hyperparathyroidism (5) . In Hungary, a single state health insurance company insures practically everyone, with the population of 10 million maintained in a single database. Analysis of this database from 2004 -2013 demonstrated a diagnosisbased prevalence estimate of approximately 1000 patients with chronic hypoparathyroidism in 2013. The yearly prevalence of hypoparathyroidism increased by more than 60% over the observational period, whereas the female to male ratio of 4:1 remained stable. Regional differences and trends in the incidence of hypoparathyroidism were relatively constant across the country, after adjusting for the population of each region. Postsurgical hypoparathyroidism is thought to be the most common cause of hypoparathyroidism in Hungary, as in other countries (9) . There is an annual average of 5000 thyroid-related operations in Hungary. Transient postsurgical hypoparathyroidism is estimated to occur in 31% of these cases, whereas permanent parathyroid hypofunction is estimated to occur in 1.9% as an average. However, surgical centers with experienced endocrine surgeons report lower rates of post-thyroid surgical permanent hypoparathyroidism of as low as 0.1%, with some centers reporting up to 5.8%. A number of confounding factors are thought to influence these estimates. The incidence of hypoparathyroidism increases dramatically after a second neck operation in Hungary, and is thought to be around 15%.
Postsurgical hypoparathyroidism is thought to be the cause of 95% of cases in Russia, somewhat higher than in other countries (10) . Estimates of rates of postsurgical hypoparathyroidism vary between 1 and 40% (11).
Incidence
Acquired hypoparathyroidism typically occurs after removal of, irreversible damage to, or vascular compromise of the parathyroid glands. The incidence of postsurgical hypoparathyroidism depends on the center, type of intervention, and surgical expertise. Transient postsurgical hypoparathyroidism lasting Ͻ6 months is estimated to occur in 25.4 -83% of patients worldwide after neck surgery (12) , whereas permanent postsurgical hypoparathyroidism, defined as lasting more than 6 months, has been estimated to occur in approximately 0.12-4.6% of cases (13) . Incidence estimates of nonsurgical causes of hypoparathyroidism are generally not available in the United States due to the rarity of these causes. In the Danish historic cohort study, the incidence of postsurgical hypoparathyroidism was reported to be 0.8/ 100 000/y (6) ( Table 1) . No other European or international studies have reported the incidence of postsurgical hypoparathyroidism. Estimates of nonsurgical causes of hypoparathyroidism are generally not available in most other European countries, but the incidence of autoimmune hypoparathyroidism due to autoimmune polyendocrinopathy syndrome type 1 in Hungary is estimated at 1 per million (14) .
Cost and hospitalization
The population-based study by Leibson et al (15) quantitated the overall cost of medical care for patients with hypoparathyroidism in Olmsted County, Minnesota. The yearly cost of medical care for patients with hypoparathyroidism in 2007-2009 was estimated to be about three times that for healthy patients. This study did not quantify the costs related to, or the frequency of utilization of, outpatient clinics, hospitals, emergency departments, or pharmacies. No other studies have yet addressed the frequency of hospitalization of patients with hypoparathyroidism relative to normal controls, but it is probable that hospitalization for complications of hypoparathyroidism, such as tetany, bronchospasm, laryngospasm, seizures, or cardiac dysrhythmias, is increased. If one were to factor in these items in cost estimates for care of patients with hypoparathyroidism, they are likely to be much higher than the Olmsted County experience.
Morbidities
Various morbidities associated with hypoparathyroidism are related directly to hypocalcemia and/or hyperphosphatemia or indirectly to treatment, the latter due to excessive or insufficient amounts of calcium and active vitamin D. When patients are not adequately treated, symptoms and signs of neuromuscular excitability (tetany) due to hypocalcemia are common. When patients receive excessive amounts of calcium and vitamin D, hypercalcemia and/or hypercalciuria can result. Alterations in quality of life such as sense of well-being and mood can be related either to the disease itself or to its treatment. This is also true for ectopic calcification that can occur in the basal ganglia and the gray-white matter interface in the brain and in the kidney. Other complications of hypoparathyroidism can include posterior subcapsular cataracts and reduced skeletal remodeling. Clarke et al (5) demonstrated that in Olmsted County, patients with hypoparathyroidism were significantly more likely than healthy age-and sex-matched controls to have at least one diagnosis within seven of 17 major categories of disease, and 16 of 113 subcategories of disease within the major categories, as defined in the International Classification of Diseases, Version 9, Clinical Modification (ICD-9-CM) system. Mitchell et al (16) In a small case series from Denmark (18), the presence of intracranial calcifications was systematically investigated by computed tomography imaging in 16 patients with nonsurgical hypoparathyroidism and eight patients with PHP. Calcifications were present in 69% of the patients with nonsurgical hypoparathyroidism and in all patients with PHP. In all 19 patients with intracerebral calcifications, the globus pallidus was affected. In five patients, calcifications were found only in this region, whereas the remaining 14 patients also had calcifications in the caudate nucleus. The putamen was affected in 11 cases, thalamus in 10, and cerebral cortex in nine. Calcification in the cerebellum and brainstem was found in four and three cases, respectively. Similar findings were reported in a study from India (19) including 145 patients with nonsurgical hypoparathyroidism, among whom 74% had intracranial calcifications. In this study, independent predictors of progression of calcification were a history of seizures at presentation and the calcium/phosphorus ratio during follow-up. Intracranial calcifications have also been reported in long-standing postsurgical hypoparathyroidism and may be associated with Parkinsonlike symptoms (20) , but these symptoms resolved with control of blood calcium. In a small case series of nine patients with postsurgical hypoparathyroidism, calcifications were detected by computed tomography imaging in five of the patients (21) . These studies suggest that hypoparathyroidism is commonly associated with intracerebral calcifications, but the association between these calcifications and Parkinson-like symptoms is not yet established.
In the Danish cohort study (7), the risk of gastrointestinal cancer was significantly decreased in postsurgical hypoparathyroidism (HR, 0.63; 95% CI, 0.44 -0.93), with a tendency toward lower risk of any malignant disease (HR, 0.83; 95% CI, 0.61-1.13). Risk of malignant disease was also significantly decreased in nonsurgical hypoparathyroidism (HR, 0.44; 95% CI, 0.24 -0.82).
A number of the comorbidities seen in hypoparathyroidism are related to extraskeletal calcifications, such as cataracts, intracerebral calcifications, and renal stones or nephrocalcinosis. The increased risk of cardiovascular disease in nonsurgical hypoparathyroidism may be related to an increased tendency to precipitate calcium salts in vascular tissues. In the Danish cohort study, patients with postsurgical hypoparathyroidism (6) had a median duration of disease of only 8 years. Patients in the Danish cohort study with nonsurgical hypoparathyroidism (8) were of mean age 49.7 years, and most had had nonsurgical hypoparathyroidism since birth. More studies are needed to assess whether long-standing postsurgical hypoparathyroidism increases the risk of cardiovascular disease similar to nonsurgical hypoparathyroidism.
Conventional treatment of hypoparathyroidism with calcium and active vitamin D analogs causes an increase in serum calcium and relief of classical symptoms of hypocalcemia. However, although serum calcium levels improve to the low-normal range, they typically do not completely normalize, and calcium and phosphorus homeostasis does not normalize in a physiological manner in response to conventional treatment.
Mortality
The effects of chronic hypocalcemia, intermittent hypercalcemia, hypercalciuria, and multiple comorbidities on mortality in patients with hypoparathyroidism are not yet certain. No studies have yet quantified overall or causespecific mortality due to hypoparathyroidism in the United States. Analyses of mortality and comorbidities among patients with postsurgical hypoparathyroidism in the Danish historical cohort study (6) were limited to patients who developed hypoparathyroidism after neck surgery for nonmalignant diseases (toxic or nontoxic goiter, or primary hyperparathyroidism), and also excluded patients with postsurgical hypoparathyroidism after parathyroidectomy due to severe renal insufficiency. Analyses were adjusted for history of the disease in question before the diagnosis of postsurgical hypoparathyroidism. Mortality was not increased among patients with postsurgical (HR, 0.98; 95% CI, 0.76 -1.26) or nonsurgical hypoparathyroidism (HR, 1.25; 95% CI, 0.90 -1.73), so the avail-able evidence does not support an association between mortality and hypoparathyroidism.
Diagnosis
Hypoparathyroidism is characterized by hypocalcemia, defined as a total serum calcium below the lower limit of normal and hyperphosphatemia, both of which result from deficiency in circulating PTH (22, 23) . By contrast, PHP is characterized by hypocalcemia and elevated levels of PTH (23) (24) (25) (26) (27) .
Hypoparathyroidism
In hypoparathyroidism, serum concentrations of PTH are typically low or undetectable, but in very rare cases, elevated levels of a mutant form of PTH can be measured with certain assays (22, 23, 28) . The concentrations of 1,25-dihydroxyvitamin D [1,25(OH) 2 vitamin D] and bone turnover markers including alkaline phosphatase activity are usually in the low normal to low range ( Figure 1 and Table 2 ) (22, 23, 29, 30) . The daily urinary excretion of calcium is reduced when patients are hypocalcemic, although the fractional excretion of calcium is increased (22, 23) . Nephrogenous cAMP excretion is low, and renal tubular reabsorption of phosphate is elevated. Urinary cAMP, plasma cAMP, and urinary phosphate excretion increase markedly after administration of exogenous bioactive PTH (modified Ellsworth-Howard test based on Chase-Aurbach test) ( Table 2) (22, 23, 26, 29) . Such measurements of urinary cAMP and plasma cAMP (Table 2) . Hypocalcemia may result from agenesis (eg, GCM2 mutation) or destruction of the parathyroid glands (eg, after neck surgery, in autoimmune diseases), from reduced secretion of PTH (eg, neonatal hypocalcemia or hypomagnesemia), resistance to PTH (which may occur secondary to hypomagnesemia or as a primary disorder, eg, a variant of PHP), or due to mutations in the PTH gene that impair synthesis or bioactivity of PTH (22, 31) . In addition, hypoparathyroidism may occur as a component of a complex inherited syndromic disorder ( Table 3 ) that may be either a complex congenital defect (eg, DiGeorge syndrome) or an autoimmune disorder ( Figure 2 ) (22). Hypoparathyroidism may also occur as a nonsyndromic solitary endocrinopathy, which has been referred to as isolated or idiopathic hypoparathyroidism. Familial occurrences of isolated hypoparathyroidism with autosomal dominant, autosomal recessive, and X-linked recessive inheritances have been established (22) .
Pseudohypoparathyroidism
The hallmark of PHP is resistance to PTH, which may occur due to a variety of defects (24 -26) . Currently defined postreceptor defects that lead to PTH resistance and the biochemical hallmarks of hypocalcemia, hyperphosphatemia, and elevated serum levels of PTH include PHP type 1a (PHP1A; GNAS mutations affecting exons 1-13), PHP type 1b (PHP1B) (GNAS methylation abnormalities), PHP type 2 (PHP2), acrodysostosis type I and type II (mutations in the regulatory subunit of protein kinase A and the phosphodiesterase PDE4D, respectively, with the type 1 form resembling PHP2); and PHP type 1c (PHP1C; GNAS mutations affecting exon 13), which is a variant of PHP1A (32) (33) (34) . The most extreme example of PTH resistance is observed when both alleles encoding the type 1 PTH receptor are mutated, as in Blomstrand lethal chondrodysplasia (22, 25) . This is not a form of PHP, however.
Patients with PHP1 exhibit resistance to PTH in the proximal renal tubule and show an impaired increase in serum and urinary cAMP and urinary phosphate after administration of PTH; patients with PHP1A (and less frequently with PHP1B) also manifest the features of Albright's hereditary osteodystrophy (AHO), which includes short stature, subcutaneous ossifications, variable degrees of reduced mental acuity, round faces, dental hypoplasia, and brachydactyly (ie, shortening of the metacarpals and metatarsals, particularly of the third, fourth, and fifth metacarpals and metatarsals) that is not present at birth, but usually becomes evident by the second decade of life (24 -26, 35) . In addition to brachydactyly, other skeletal abnormalities of the long bones also occur. The absence of a normal rise in urinary excretion of nephrogenous cAMP after an infusion of PTH in PHP1 indicates a defect at some site of the PTH receptor-adenylyl cyclase system (24 -26, 35) . Responsiveness to PTH is regulated by at least two heterotrimeric G proteins: the stimulatory G protein (Gs) couples the PTH receptor to adenylyl cyclase and thus stimulates formation of cAMP, while Gq/11 couples this receptors to phospholipase C with subsequent formation of inositol trisphosphate (24 -26) . There is, however, decreased expression or activity of the ␣-subunit of Gs (Gs␣) encoded by GNAS that causes patients with PHP1A to be resistant to PTH and frequently other hormones, for example TSH, gonadotropins (FSH and LH), and hypothalamic neurotransmitters that lead to neurocognitive defects and obesity, because these hormones require Gs␣ to couple their receptors to adenylyl cyclase (24 -26, 35, 36 (Table  4) (24, 28, 35) . In patients affected by PHP, hypocalcemia can be treated more aggressively with calcium supplements and active vitamin D analogs than in individuals affected by hypoparathyroidism because there is less risk of developing hypercalciuria (24, 26) . Thus, calcium and 1,25(OH) 2 vitamin D therapy may be given at doses that result in normal blood calcium levels as long as PTH levels remain at the upper end of normal or are only mildly elevated. Failure to reduce PTH levels close to the normal range results in persistently elevated bone turnover and may even lead to tertiary hyperparathyroidism (24, 26, 27) . Patients with PHP1A/C or PHP1B generally do not develop hypercalciuria when circulating PTH levels remain near the upper end of the normal range because the distal renal tubule retains the ability to respond to PTH, thus reabsorbing calcium from the glomerular filtrate at this site. Hence, it is important to avoid treatment with amounts of calcium and 1,25(OH) 2 vitamin D that suppress PTH levels below the normal range because this can result in the loss of PTH action in the distal tubules and in hypercalciuria and increased risk of developing nephrocalcinosis and nephrolithiasis (24, 26) .
The diagnosis of these hypocalcemic disorders has been greatly facilitated by the advent of improved PTH assays press.endocrine.org/journal/jcem (37, 38) and the identification of genes that are responsible for many of these disorders (22) . This section will therefore focus on the advances in PTH assays and molecular genetics for these disorders.
PTH assays
Low, or inappropriately normal, concentration of serum PTH in association with hypocalcemia is the hallmark of hypoparathyroidism and helps to differentiate this disease from other disorders associated with hypocalcemia (eg, vitamin D deficiency) (Figure 1) (22, 23) . Hence, a reliable assay for measuring serum PTH is critical for making the diagnosis.
PTH is synthesized by the parathyroid glands as preproPTH, a 115-amino acid precursor peptide that is subsequently processed and stored in secretory granules as the biologically active PTH(1-84) (22, 37) . PTH is released from secretory granules that fuse with the parathyroid cell membranes in response to a decrease in extracellular ionized calcium. Circulating PTH consists of the full-length PTH(1-84) peptide as well as several carboxyl-terminal fragments, most of which being PTH(34 -84) and PTH(37-84) (22, 37) . These fragments cannot bind to and activate the classic PTH/PTHrP receptor. Although plasma half-life of intact PTH(1-84) is several minutes, renal clearance of PTH fragments is slower (22) . Therefore, under normocalcemic conditions, up to 80% of circulating PTH is inactive fragments, and only about 20% is intact, biologically active PTH (38) . This abundance of inactive PTH fragments, which arises from proteolytic cleavage of intact PTH either within the parathyroid glands or peripherally (eg, in hepatic Kupffer cells), has made it a challenge to establish reliable assays for measurement of the intact, biologically active form of PTH (34) . The first-generation PTH assays were RIAs, which used antibodies that were developed using parathyroid extracts from various species (37, 38) . Epitopes were later found to recognize mid-and C-terminal parts of the PTH molecule. Although this assay for the first time allowed for the measurement of PTH, it detected not only intact PTH but also the bioinactive C-terminal PTH fragments that represented the preponderance of PTH immunoactivity, thereby limiting its utility (37) . To improve clinical utility, a two-site immunoradiometric assay was introduced (the intact PTH assay) (37) . This sandwich assay uses an antibody directed against the carboxyl-terminal PTH portion that is linked to a solid phase for capture and an antibody directed against an epitope within the PTH(1-34) portion for detection, thereby facilitating the measurement of PTH(1-84) without interference by carboxyl-terminal fragments. Several variants of this "second-generation" PTH assay are commercially available, and these usually use an enzyme-linked, rather than a ra- diolabeled detection antibody, some of which are directed against the (15-34) portion of PTH (28, 37) . "Third-generation" PTH assays, also referred to as "whole PTH" or "biointact PTH" assays, use similar antibodies directed against the carboxyl-terminal portion of PTH for capture, but an antibody directed against the extreme amino-terminal amino acid residues 1-3 or 1-6 for detection (37) . Such PTH assays therefore detect the full-length PTH(1-84), but not large, amino-terminally truncated fragments, such as PTH(7-84), which lack bioactivity. Interestingly, the third-generation assays, whereas theoretically better, have not proved to be superior to second-generation assays in clinical practice. This has been disappointing for the evaluation of patients with chronic kidney disease (38 -40) in which such large inactive fragments accumulate. Furthermore, third-generation assays detect an insufficiently characterized form of PTH, which is thought to be phosphorylated at serine 17 (41) . For the diagnosis of hypoparathyroidism and other conditions associated with hypocalcemia (22, 38) , second-generation "intact PTH" assays are usually satisfactory. A recent report illustrates the importance of carefully defining the specificity of currently available PTH assays. Genetic analysis of three siblings, who had presented with severe hypocalcemia, revealed a homozygous arginine-tocysteine mutation at position 25 (R25C) of the mature PTH(1-84) polypeptide that reduces the hormone's biological activity (28) . Measurement with the second-generation "intact" PTH assay revealed low hormone levels for the two untreated, asymptomatic patients, whereas considerably elevated PTH levels were measured with a third-generation assay. This discrepancy in circulating concentrations of immunoreactive PTH is caused by the substitution of cysteine for arginine at position 25, which is part of the epitope recognized by the second-generation detection antibody and thus interferes with antibody binding to the captured peptide. By contrast, the R25C mutation does not interfere with binding of the detection antibody used in third-generation PTH assays. Therefore, depending on the assay that is used for evaluating these patients, two very different diagnoses, namely hypoparathyroidism or PHP, could have been made.
Genetics of hypoparathyroidism and pseudohypoparathyroidism
The genetics of syndromic and nonsyndromic forms of hypoparathyroidism and PHP, the value of genetic testing in clinical practice, indications for mutational analysis, and the clinical approach to gene testing in a patient are reviewed below.
Hypoparathyroidism
Genetic forms of hypoparathyroidism may occur as part of syndromic disorders or as a nonsyndromic solitary endocrinopathy, which is called isolated or idiopathic hypoparathyroidism (Table 3) .
Syndromic forms of hypoparathyroidism include: autoimmune polyglandular syndrome type 1 in which hypoparathyroidism occurs with candidiasis and Addison's disease; DiGeorge syndrome (DGS), in which hypoparathyroidism occurs with immunodeficiency due to thymic aplasia, congenital heart defects, and deformities of the ear, nose, and mouth; coloboma-heart anomaly-choanal atresia-retardation-genital-ear anomalies (CHARGE) syndrome; hypoparathyroidism-deafness-renal dysplasia (HDR) anomaly in which hypoparathyroidism occurs with sensorineural deafness and renal cysts and impairment; Kenny-Caffey syndrome, in which hypoparathyroidism occurs with short stature, osteosclerosis, cortical thickening of long bones, delayed fontanel closure, basal ganglia calcification, nanophthalmos, and hyperopia; Barakat syndrome, in which hypoparathyroidism occurs with nerve deafness, and a steroid-resistant nephrosis leading to chronic kidney disease; Dubowitz syndrome, in which hypoparathyroidism occurs with intrauterine growth retardation, short stature, microcephaly, mental retardation, eczema, blepharophimosis, ptosis, and micrognathia; Bartter syndrome type 5, in which hypocalcemia is accompanied by hypokalemic acidosis, renal saltwasting that may lead to hypotension, hyperreninemic hyperaldosteronism, increased urinary excretion of prostaglandin and its metabolites, hypercalciuria, and nephrocalcinosis; Kearns-Sayre syndrome (KSS), in which hypoparathyroidism may occur with progressive external ophthalmoplegia, pigmentary retinopathy, cardiomyopathy, heart block, and sensorineural deafness; the mitochondrial encephalopathy, lactic acidosis, and stroke-like episodes (MELAS) syndrome, in which hypoparathyroidism may occur with diabetes mellitus; and the mitochondrial trifunctional protein deficiency syndrome (MTPDS), a disorder of fatty-acid oxidation in which hypoparathyroidism may occur in association with peripheral sensorimotor polyneuropathy and a dilated cardiomyopathy (22, (42) (43) (44) (45) . These syndromic forms of hypoparathyroidism are due to mutations as follows: autoimmune polyglandular syndrome type 1 is caused by mutations of the autoimmune regulator 1 (AIRE1) gene, encoding a 545-amino acid protein that mediates E3 ubiquitin ligase activity and eliminates organ-specific T cells in the thymus; DGS type 1 (DGS1) is due to abnormalities of TBX1, which is a DNA-binding transcription factor of the T-Box family, whereas DGS2 is likely caused by mutations of the nebulette (NEBL) gene; CHARGE syndrome in most pa-
press.endocrine.org/journal/jcemtients is due to mutations of chromodomain helicase DNA-binding protein 7 (CHD7), a transcriptional regulator that binds to enhancer elements in the nucleoplasm, and a minority of patients may have abnormalities involving sempahorin 3E (SEMA3E), that controls cell positioning during embryonic development; HDR is due to mutations of GATA3, a zinc-finger transcription factor; Kenny-Caffey types 1 and 2 are due to mutations of the tubulin-specific chaperone (TBCE) and in FAM111A, a member of the 111 family of proteins, respectively; Bartter syndrome type 5 is due to mutations of the calcium-sensing receptor (CaSR); and KSS, MELAS, and MTPDS are due to mitochondrial mutations and deletions (22, (42) (43) (44) (45) (46) . The genetic abnormalities causing the Barakat and Dubowitz syndromes and other familial forms of syndromic hypoparathyroidism, which may be associated with lymphedema, nerve deafness, developmental delay, nephropathy, mitral valve prolapse, or brachytelephalangy, remain to be identified (22) . Nonsyndromic (ie, isolated) forms of hypoparathyroidism may be inherited as autosomal dominant, autosomal recessive, and X-linked recessive disorders and involve abnormalities of the following gene products: glial cells missing 2 (GCM2), a parathyroid-specific transcription factor; CaSR; the ␣-subunit of the G11 signaling protein (GNA11); PTH; and SOX3, a high-mobility group box transcription factor (22, 42, 46 -50) . Gain-of-function CaSR mutations result in autosomal dominant hypocalcaemia type 1 (ADH1), and patients affected by this disorder generally have normal serum PTH concentrations and hypomagnesemia. Treatment with vitamin D or its active metabolites to correct the hypocalcemia may result in marked hypercalciuria, nephrocalcinosis, nephrolithiasis, and renal impairment. Heterozygous gain-offunction GNA11 mutations result in ADH2, which resembles ADH1.
Pseudohypoparathyroidism
PHP1 variants and PPHP are caused by heterozygous mutations in GNAS, which is a complex transcriptional unit that has several alternative first exons that are alternatively spliced to the same downstream exons, antisense transcripts, and reciprocal, parent-specific methylation imprints (22, 24 -26) . The GNAS complex and the specific abnormalities resulting in PHP1 variants and PPHP will be reviewed (51) .
GNAS is located on chromosome 20q13.3, and exons 1-13 encode Gs␣ that is synthesized as a 52-or 45-kDa protein based on the inclusion or exclusion of exon 3, respectively (22, 25) . Upstream of exon 1 are three alternative first exons that each splice onto exons 2-13 to generate novel transcripts. These include XL, which is expressed only from the nonmethylated paternal allele and which generates a transcript with overlapping open reading frames that encodes XL␣ s and ALEX (25, 36) . XL␣ s , which is a much larger signaling protein than G␣ s (Ϸ78 kDa vs 45-52 kDa), differs from G␣ s only in its aminoterminal portion encoded by exon XL. It can interact with receptors for PTH and a variety of other hormones in vitro, but the native receptors that interact with XL␣ s in vivo are presently unknown. A second alternative promoter encodes the secretory protein NESP55, which is expressed only from the maternal allele and shares no protein homology with G␣ s (22, 25, 52 ). An antisense transcript (AS or Nespas in mice), derived from five exons flanking NESP55, is expressed only from the paternal GNAS allele. A third alternative first exon A/B (also termed exon 1A in mice) is transcribed only from the paternal allele and encodes a protein that either is nontranslated or gives rise to an amino-terminally truncated form of G␣ s that may behave as a competitive inhibitor of G␣ s action (42) . The alternative first exons and AS are associated with promoters that contain differentially methylated regions (DMRs), each of which is methylated on the nonexpressed allele (22, 25, 32, 53) . By contrast, G␣ s is expressed from both parental alleles in most cells, but in some cells (eg, pituitary somatotrophs, proximal renal tubular cells, thyroid epithelial cells, gonadal cells) G␣ s is primarily expressed from the maternal allele (25, 51, 53, 54) . There is no DMR that regulates expression of the G␣ s transcript through parent-specific methylation, but cisacting elements that control tissue-specific paternal silencing of G␣ s appear to be located within the primary imprint region in exon A/B (53). It is important to note that PTHdependent bone resorption is maintained in patients affected by PHP1A and PHP1B, and in conjunction with 1,25(OH) 2 vitamin D, this allows calcium mobilization and maintenance of relative normocalcemia. However, dissolution of bone leads to the possibility of hyperparathyroid bone disease as well as the release of phosphate and thus, typically more profound hyperphosphatemia than in patients affected by hypoparathyroidism.
PHP1 variants and PPHP are associated with specific genetic abnormalities in the 13 exons of GNAS that encode G␣ s , such that mutational analysis of GNAS allows distinction between different variants of PHP1 and related conditions (Table 4) (22, 24, 35, 55) . Thus, patients with heterozygous mutations involving exons 1-13 of the maternally-derived GNAS gene have a widespread deficiency of G␣ s that results in PHP1A (exons 1-12) or PHP1C (exon 13) (24, 26) . Moreover, PHP1A and PHP1C patients have a complex clinical phenotype that includes resistance to multiple hormones (eg, PTH, TSH, gonadotropins, calcitonin, ACTH, and GHRH), mild to moderate intellectual disability, and early-onset morbid obesity due to decreased resting energy expenditure, features that are consistent with the role of G␣ s in normal transmembrane signal transduction of many hormones and neurotransmitters (24, 26, 54 -58) . These diverse features reflect the effect of mutations within the maternal GNAS allele in tissues in which little or no G␣ s is produced from the paternal allele (26, 54) . By contrast, responsiveness to other hormones (eg, vasopressin) is normal in tissues in which G␣ s is transcribed from both parental GNAS alleles. Patients with PHP1A and PHP1C also have the developmental defects of AHO, which include formation of heterotopic membranous bone, short stature, brachydactyly, and various degrees of intellectual disabilities (24, 26, 35, 59 -61) . Haploinsufficiency of G␣ s is likely the basis for brachydactyly, which becomes apparent during the first decade of life and appears to be due in part to premature fusion of epiphyses in tubular and long bones. This implies a requirement of two functional copies of GNAS for normal differentiation and maturation of the growth plate. PPHP, which is characterized by some, but not all, AHO features, without hormonal resistance, is due to paternally inherited GNAS mutations (24, 26) . PPHP patients with mutations in exons 2-13 furthermore show severe intrauterine growth retardation, which likely reflects the effect of reduced G␣ s and/or absence of XL␣ s (62) . Some patients with GNAS mutations on the paternally derived allele manifest only ectopic ossification, which can be limited to the dermis as osteoma cutis or be more invasive and debilitating as progressive osseous heteroplasia (59, 60, (63) (64) (65) (66) (Table 4) . Although patients with osteoma cutis and progressive osseous heteroplasia have paternally inherited GNAS defects, the basis for the striking difference in heterotopic ossification, as well as the absence of other features of AHO, remains uncertain (66) . Patients with PHP1A, PHP1C, or PPHP may also have clinical similarities to those with acrodysostosis, an equally uncommon skeletal dysplasia characterized by very early and severe brachydactyly that is associated with facial dysostosis, nasal hypoplasia, short stature, and often resistance to multiple hormones (Table 4) (31, 33, 34) . Patients with acrodysostosis type 1 have germline mutations in the gene encoding PRKAR1A, the cAMP-dependent regulatory subunit of protein kinase A, that reduce responsiveness of protein kinase A to cAMP; these patients thus have a postcAMP defect in hormone responsiveness (31, 33) . By contrast, patients with acrodysostosis type 2 have mutations in PDE4D, which encodes a class IV cAMP-specific phosphodiesterase that hydrolyzes cAMP; these patients develop hormone resistance due to accelerated degradation of cAMP (33) . Although reduced PDE4D activity would be predicted to enhance cAMP signaling, there is a compensatory increase in expression levels of PDE4A and PDE4B isoforms, which accounts for a paradoxical decrease in cAMP levels in patient cells (34) .
Patients with autosomal dominant PHP1B have deletions associated with methylation changes affecting either GNAS exon A/B alone (different STX16 deletions or a deletion comprising only GNAS exon NESP) or all four differentially methylated GNAS regions (ie, GNAS deletions comprising exon NESP and/or antisense exons 3 and 4) (26, 51-53, 68, 69) . In association with the lack of methylation at the maternal GNAS exon A/B, little or no G␣ s is made from the maternal allele (26, 70) . In those tissues where G␣ s expression from the nonmethylated, paternal GNAS allele is normally silenced, particularly in the proximal renal tubules, virtually no G␣ s is thought to be made when an inactivating mutation affects maternal GNAS exons 1-13 (as in PHP1A patients) or when a loss of methylation occurs at GNAS exon A/B (as in PHP1B patients) (26) . Because of the G␣ s deficiency resulting from these genetic or epigenetic abnormalities, PTH-stimulated synthesis of 1,25(OH) 2 vitamin D in the renal proximal tubules is impaired or inappropriately normal, thus leading to reduced intestinal calcium absorption. Due to impaired cAMP generation, there is insufficient PTH-mediated down-regulation of the two sodium-dependent phosphate transporters, NPT2a and NPT2c, and consequently impaired urinary phosphate excretion (26) . Taken together, these changes in the proximal renal tubules explain the PTH-resistant hypocalcemia and hyperphosphatemia that occur in PHP1A and PHP1B (26) . The importance of GNAS methylation in maintaining G␣ s expression was further illustrated by patients affected by the sporadic form of PHP1B, which is the most common form of PHP1B and has not yet been resolved at the molecular level, except for a few cases who have paternal uniparental isodisomy affecting chromosome 20q (patUPD20q) (71) (72) (73) (74) . Most of the patients with sporadic PHP1B show methylation abnormalities on both GNAS alleles, which can be incomplete. Thus, GNAS methylation changes alone are sufficient to cause hormonal resistance (26) . However, although GNAS methylation abnormalities are present at birth, it is interesting to note that these epigenetic changes do not cause elevations in circulating PTH levels until the age of 2-3 years, and that symptomatic hypocalcemia usually does not develop until the second decade of life (26, 52, 69) . Furthermore, some PHP1B patients never develop severe PTH resistance, and some seem to "outgrow" their resistance (26, 74) . Moreover, some PHP1B patients present with hypothyroidism well before PTH resistance becomes apparent, indicating that silencing of G␣ s expression from both nonmethylated parental alleles can be first encountered in the thyroid (36) . press.endocrine.org/journal/jcemThus, the observed variability in disease severity among PHP1B patients is most likely related to temporal and tissue-specific differences in the silencing of paternal G␣ s expression. The genetic abnormalities causing PHP2 remain to be identified (Table 4) .
Gene testing in clinical practice
Genetic testing can be performed using DNA obtained from leukocytes, salivary cells, skin cells, or hair follicles. It is important to emphasize that the best clinical practice for such genetic testing should include agreement (ie, informed consent) from the patient and access to genetic counselors. Genetic testing should be performed by accredited centers, some of which can be contacted using the following links: http://www.ncbi.nlm.nih.gov/sites/GeneTests/ (giving details of centers in Canada, Denmark, Greece, Israel, Japan, and the United States); http://www.orpha. net/consor/cgi-bin/index.php, or www.eddnal.com (giving details of centers in Austria, Belgium, Denmark, Finland, France, Germany, Holland, Ireland, Italy, Norway, Portugal, Spain, Sweden, Switzerland, and the United Kingdom). The utility of genetic testing in the hypoparathyroid and pseudohypoparathyroid disorders is reviewed.
Hypoparathyroidism
Genetic testing for mutations in patients with hypoparathyroidism is helpful in clinical practice in several ways that include: 1) confirmation of the clinical diagnosis so that appropriate screening for associated endocrinopathies or organ dysfunction can be undertaken; 2) implementation of appropriate treatment, eg, avoiding vitamin D treatment to restore normocalcemia in ADH1 patients because this will lead to renal complications, and commencement of appropriate hormone replacement such as in patients with Addison's disease; 3) identification of family members who may be asymptomatic but harbor the mutation and therefore require screening for development of endocrinopathies or other disorders and early/appropriate treatment; and 4) identification of the 50% of family members who do not harbor the familial germline mutation and can therefore be reassured and alleviated of the anxiety burden of developing future endocrine disease and other associated disorders (22) . This latter aspect cannot be overemphasized because it helps to reduce the cost to the individuals and their children; it also helps health services in not having to undertake unnecessary investigations. One study has reported that overall 35% of 20 patients who had childhood-onset, permanent hypoparathyroidism, which was not due to a chromosome 22q11 deletion, had a mutation in one of three genes (GATA3, GCM2, or CASR) (75) . Moreover, among the 13 patients with syndromic hypoparathyroidism, which was associated with deafness and/or renal dysplasia, six (ie, Ͼ45%) had a mutation involving GATA3, GCM2, or CASR, and among seven patients with nonsyndromic hypoparathyroidism, two (ie, Ͼ25%) had a mutation involving GCM2 (75) . These studies indicate that the likelihood of a genetic etiology in hypoparathyroidism is likely to be high. Indications for testing for germline mutations in idiopathic hypoparathyroid patients include: 1) hypoparathyroidism occurring at a young age; 2) occurrence of other endocrinopathies, metabolic abnormalities, or nonendocrine congenital abnormalities ( Figure 2) ; 3) family history of hypoparathyroidism, consanguinity, or autoimmunity; and 4) being a near relative of a known mutation carrier (22, 76) . A clinical approach to genetic testing in a patient who has idiopathic hypoparathyroidism is as follows (Figure 2 ) (22) . Patients with hypoparathyroidism in whom there is a high suspicion of a genetic etiology (eg, young age of onset, family history of autoimmunity or consanguinity) should be offered genetic counseling and germline mutation testing of an appropriate candidate gene (eg, AIRE1, TBX1, NEBL, CHD7, SEMA3E, TBCE, FAM111A, GATA3, CASR, GNA11, GCM2, PTH, and mitochondrial genes) (22) . Such patients may have de novo mutations, which occur in about 10% of patients, or they may have an undetected family history for the disease. Near relatives of a hypoparathyroid patient with a germline mutation should be identified and offered genetic counseling and appropriate gene testing, and individuals who have inherited the mutation should be offered periodic biochemical screening, even if asymptomatic (22) . Near relatives who have not inherited the causative mutation require no further follow-up and may be alleviated of the anxiety associated with the development of hypoparathyroidism and associated disorders (22) .
Pseudohypoparathyroidism
Genetic and epigenetic analyses of GNAS as well as mutation analysis of PPKAR1A and PDE4D can help to distinguish between the different variants of PHP and its related disorders (24, 26, 35) . Patients affected by PHP1B require testing for GNAS methylation changes; some laboratories will analyze exon A/B only as a screen because the loss of methylation of this DMR on the maternally derived GNAS allele is present in all reported cases of both inherited and sporadic forms of PHP1B (24, 26, 35) . Patients with PHP1B can be further analyzed for paternal uniparental isodisomy of chromosome 20q or small deletions within STX16 and GNAS; these tests have furthermore been shown to identify deletions within GNAS as the cause of some PHP1A cases (Table 4) (24, 26, 35 ).
Conclusions
Recent advances described in this report have clarified certain aspects of the epidemiology and diagnosis of hypoparathyroidism. Postsurgical hypoparathyroidism causes about three-fourths of all cases of recognized hypoparathyroidism. In patients undergoing anterior neck surgery, less than 1-5% experience permanent hypoparathyroidism, although as many as 50% may develop transient hypoparathyroidism. Remaining cases of hypoparathyroidism are due to autoimmune disease, metastatic disease, iron or copper overload, radiation therapy, radioactive iodine treatment, or a variety of rare genetic disorders.
The prevalence of hypoparathyroidism has been quantified recently in the United States and Denmark, and the incidence in Denmark has been quantified. Most other countries lack these data currently. Mortality does not appear to be increased. Complications of hypoparathyroidism include chronic kidney disease, kidney stones or nephrocalcinosis, seizures, posterior subcapsular cataracts, and intracerebral calcifications. Infections may be increased in this disorder. Cardiovascular disease, fractures, and malignancy do not appear to be increased, except for increased upper extremity fractures in nonsurgical hypoparathyroidism. Gastrointestinal malignancies may be reduced in hypoparathyroidism. A large international registry would help to better define the prevalence, comorbidities, and best treatment of hypoparathyroidism.
Diagnosis of the genetic causes of hypoparathyroidism and PHP has been significantly clarified in recent years, with recognition of an increasing variety of different genes affecting parathyroid gland differentiation and function. Assessment for most of the recognized mutations can now be done by research or commercially available genetic testing. Research for new mutations causing hypoparathyroidism continues.
